Moderate (approximately 2-fold) increases in plasma unconjugated bilirubin levels are able to attenuate the development of angiotensin II (Ang II)-dependent hypertension. To determine the specific role of decreases in superoxide production to the blood pressure-lowering effects of moderate hyperbilirubinemia (MHyB), we performed this study, in which the Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitor apocynin was given to Ang II-infused mice in the presence and absence of moderate hyperbilirubinemia.
Bilirubin in the serum is derived from the breakdown of red blood cells in the spleen. Heme, which is a breakdown product of red blood cells, is metabolized to iron, carbon monoxide, and biliverdin by heme oxygenase enzymes in the spleen. Biliverdin is then converted to bilirubin by the enzyme biliverdin reductase. Bilirubin is then bound to albumin and transported in the blood to hepatocytes of the liver to be conjugated for elimination in the bile. In the liver, UDP-glucuronosyltransferase 1A1 (UGT1A1) is the enzyme responsible for the conjugation of bilirubin, which is transported in the bile for elimination. Alterations in UGT1A1 that decrease the conjugation result in increased levels of unconjugated bilirubin in the serum and are responsible for Gilbert's syndrome. Several large population studies have established that moderate increases in serum bilirubin levels (approximately 2-fold) are negatively associated with the development of cardiovascular disease. 1, 2 The same relationship was also found in patients with Gilbert's syndrome. 3, 4 We have previously reported that similar moderate increases in plasma bilirubin achieved by antagonism of UGT1A1 with indinavir or knockdown of UGT1A1 protein with antisense (AS) morpholinos can attenuate the increase in blood pressure and decrease in renal blood flow and glomerular filtration rate in angiotensin II (Ang II)-dependent hypertension in mice. 5, 6 Bilirubin is one of the most potent endogenous antioxidants in the body. 7, 8 It is hypothesized that the antioxidant actions of bilirubin may be responsible for the protective actions against cardiovascular disease in patients with Gilbert's syndrome. 9 Induction of moderate hyperbilirubinemia in our mouse model was associated with a decrease in Ang II-dependent superoxide production in the aorta. 5 Bilirubin can not only act as a scavenger but can also inhibit NADPH oxidase enzymes to directly decrease the formation of superoxide anion. 10 Because NADPH-mediated superoxide production has been previously demonstrated to play a critical role in the development and maintenance of Ang II-dependent hypertension, 11, 12 we wanted to test the hypothesis that attenuation of superoxide production mediates the antihypertensive actions of moderate hyperbilirubinemia in Ang II-dependent hypertension. In order to accomplish this, we determined the effect of moderate hyperbilirubinemia on Ang II-dependent hypertension in mice in which NADPH oxidase activity was decreased using the NADPH oxidase inhibitor apocynin.
Methods animals
Experiments were performed on 12-to 16-week-old male C57BL/6J mice obtained from Jackson Labs (Bar Harbor, ME). The mice were fed a standard diet containing 0.29% sodium chloride and were provided water ad libitum. All animal protocols were approved by the Institutional Animal Care and Use Committee at the University of Mississippi Medical Center and performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Mice were randomly assigned to 1 of 4 experimental groups: (ii) Ang II treatment, (ii) Ang II + apocynin treatment, (iii) Ang II + UGT1A1 AS treatment, (iv) Ang II + apocynin + UGT1A1 AS treatment. All mice underwent surgery for implantation of jugular vein catheters. Mice that received apocynin (14 mM in water supplemented with 5% sucrose) were started on the drug 2 days before venous catheter surgery. Apocynin dosing was based on previously published studies in mice. 13, 14 Mice were then treated with intravenous infusion of saline or UGT1A1 AS morpholino oligonucleotide (16 μg/kg, Vivo morpholinos, AGCTCCAGCACACCACAGTCATGGT; Gene Tools, Philomath, OR) every third day throughout the entire experimental protocol. Mice received 1 AS treatment before implantation of Ang II-containing (1 μg/kg/min) osmotic minipumps implanted subcutaneously in mice under light isoflurane anesthesia, as previously reported. 15 Five days after implantation of the osmotic minipumps, carotid artery catheters were implanted, as previously reported. 15 After a 48-hour recovery period, blood pressure was measured in conscious, freely moving mice in their home cage for 3 hours each morning over the next 3 days. Mice were killed at the end of the experimental protocol, at which time body weight and heart weight were recorded.
Measurement of plasma bilirubin
Plasma samples were collected from mice of each experimental group at the end of the experimental protocol. Mice were killed by carbon dioxide asphyxiation, and the heart was immediately removed. Pooled whole blood was then collected from the chest cavity and placed in tubes containing 5 μl of an Ethylenediaminetetraacetic acid (EDTA) solution (0.5 M). The blood was then centrifuged at 3,000 g for 5 minutes, and plasma was collected and stored at −20 °C. Total bilirubin and conjugated bilirubin concentrations were measured from 150 μl using the QuantiChrom Bilirubin Assay Kit (BioAssay Systems, Hayward, CA) according to the manufacturer instructions. The bilirubin assay was calibrated with a solution equivalent to 5 mg/dl and provided by the manufacturer. Unconjugated bilirubin was calculated as the difference between total bilirubin and conjugated bilirubin. The concentrations are expressed as milligrams per deciliter.
glomerular filtration rate (gFr)
The GFR was measured by continuous infusion of fluorescein isothiocyanate (FITC)-labeled inulin on days 5 and 6 after implantation of Ang II osmotic minipump, as previously described. FITC-labeled inulin was infused intravenously at a rate of 10.5 μg/min for 24 hours to reach steady state. Once steady state is achieved, the infusion rate of FITC-labeled inulin is equal to the urinary excretion rate. An arterial plasma sample (25 μl) was collected by retro-orbital bleed in isoflurane-anesthetized mice, and 5 μl was measured with a microplate fluorometer (Bio Tek Instruments, Winooski, VT). Two consecutive GFR measurements were averaged for each individual mouse and expressed as milliliters per minute per gram kidney weight (KW).
Measurement of vascular superoxide
Superoxide production in the aorta was measured using the lucigenin technique, as previously described. 16, 17 Briefly, aortas were removed and separated from perivascular adipose tissue and snap frozen in liquid nitrogen and stored at −80 °C. The aortas were then homogenized (1:8 wt/vol) in Radio-Immunoprecipitation Assay (RIPA) buffer (phosphatebuffered saline, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and a protease inhibitor cocktail; Sigma Chemical, St. Louis, MO). The samples were centrifuged at 12,000 g for 20 minutes at 4 °C. The supernatant was incubated with lucigenin at a final concentration of 5 µM and NADPH at a final concentration of 100 μM. The samples were allowed to equilibrate for 3 minutes in the dark, and luminescence was measured every second for 5-15 minutes with a luminometer (Berthold, Oak Ridge, TN). Luminescence was recorded as relative light units (RLU) per minute. An assay blank with no homogenate but containing lucigenin was subtracted from the reading before transformation of the data. The protein concentration was measured using a Bio-Rad protein assay (BioRad, Hercules, CA) with bovine serum albumin (BSA) standards. The data are expressed as relative light units per minute per milligram protein.
statistics Mean values ± SEMs are presented. Significant differences between mean values were determined by analysis of variance followed by a post hoc test (Dunnett's). P < 0.05 was considered to be significant. The levels of total bilirubin, direct bilirubin, and unconjugated bilirubin were identical in Ang II-and Ang II + Apocynin-treated mice (Table 1) . Treatment with UGT1A1
AS resulted in increases in total bilirubin and unconjugated bilirubin that were not different between Ang II + UGT1A1 AS-and Ang II + apocynin + UGT1A1 AS-treated mice (Table 1 ). UGT1A1 AS treatment also resulted in a similar decrease in the level of conjugated bilirubin in both Ang II + UGT1A1 AS-and Ang II + apocynin+ UGT1A1 AS-treated mice ( Table 1) .
Blockade of nadPh oxidase does not affect the blood pressure response to moderate hyperbilirubinemia (MhyB) in ang ii-dependent hypertension
To determine the role of superoxide anion production to the antihypertensive actions of MHyB in Ang II-dependent hypertension, we administered the NADPH oxidase inhibitor apocynin to block superoxide production before the development of moderate hyperbilirubinemia. We then determined the ability of MHyB to decrease blood pressure in the setting of decreased NAD(PH-mediated superoxide production. Apocynin administration by itself decreased blood pressure in Ang II-infused mice from 145 ± 2 mm Hg to 135 ± 4 mm Hg (Figure 1 ). MHyB by itself lowered blood pressure to 118 ± 5 mm Hg in Ang II-infused mice ( Figure 1 ). Prior administration of apocynin had no effect on the blood pressure response to MHyB in Ang II-infused mice with blood pressure averaging 116 ± 2 mm Hg in apocynin + UGT1A1 AS-treated mice (Figure 1 ).
MhyB and nadPh oxidase inhibition decrease cardiac hypertrophy in ang ii-treated mice
The effects of MHyB and NADPH oxidase inhibition alone or together on cardiac hypertrophy in Ang II-treated mice were determine at the end of the study. Cardiac hypertrophy measured as the ratio of heart weight to body weight averaged 6.1 + 0.16 mg/g in mice infused with Ang II (Figure 2 
Blockade of nadPh oxidase and moderate hyperbilirubinemia increase gFr in ang ii-dependent hypertension
The effects of NADPH oxidase inhibiton and MHyB by themselves or in combination on GFR was determined in Ang II-infused mice. GFR was measured by continuous infusion of FITC-labeled insulin on days 5 and 6 after implantation of the Ang II osmotic minipumps. GFR averaged 883 ± 112 μl/min/gKW in mice receiving Ang II infusion. Blockade of NADPH oxidase with apocynin as well as MHyB resulted in significant increases in GFR, which averaged 1254 ± 167 and 983 ± 125 μl/min/gKW in each group, respectively ( Figure 3) . Combination of apocynin with MHyB did not result a further increase in GFR, which averaged 1050 ± 136 μl/min/gKW in this group (Figure 3 ).
Both nadPh oxidase inhibition with apocynin and moderate hyperbiliriubinemia decrease vascular ang ii-dependent superoxide production
To determine the extent of superoxide inhibition achieved with apocynin as well as MHyB in this study, superoxide production was measured in isolated segments of the aorta. Aortic superoxide production averaged 2433 ± 120 RLU/s in Ang II-infused mice (Figure 4 ). Apocynin treatment resulted in a significant decrease in aortic superoxide production to 1851 ± 125 RLU/s (Figure 4 ). MHyB also resulted in a significant decrease in aortic superoxide production to 1473 ± 132 RLU/s. Combination of apocynin and MHyB resulted in similar decrease in aortic superoxide production as either agent alone, averaging 1503 ± 115 RLU/s (Figure 4 ).
discussion
Previous studies from our laboratory have demonstrated that moderate increases in plasma bilirubin levels (approximately 2-fold) can attenuate the development of Ang IIdependent hypertension and also improve renal blood flow and GFR. 5, 6 These effects were also associated with a decrease in Ang II-mediated vascular superoxide production and an increase in the bioavailability of nitric oxide. 5 This study was designed to test importance of blockade of superoxide anion production with the NADPH oxidase inhibitor apocynin to the antihypertensive actions of MHyB. Blockade of superoxide production alone resulted in a modest 10 mm Hg decrease in blood pressure, which is similar to that in previous studies that have demonstrated that blockade of NADPH oxidase with apocynin can attenuate Ang II-dependent and other forms of hypertension. [18] [19] [20] However, several studies have also reported no effect of blockade of NADPH oxidase on blood pressure using similar doses of apocynin as those used in this study. 13, 21 MHyB resulted in a near normalization of blood pressure in Ang II-infused mice, and prior blockade of NADPH oxidase with apocynin had no effect on the blood pressure response to MHyB in this model. This would suggest that the ability of MHyB to decrease Ang IImediated superoxide production contributes only to a portion of the antihypertensive action of MHyB.
One possible interpretation of this data is that MHyB was more effective at inhibiting NADPH oxidase activity than the dose of apocynin used in this study. However, there are 2 factors that argue against this point. First, the dose of apocynin used in this study was based on previous studies and is higher than doses previously described in studies that have administered apocynin by oral gavage, Figure 2 . Cardiac hypertrophy as determined by heart weight to body weight ratio. Body and heart weights were obtained at the end of the experimental protocol. n = 6 per group. Apo, apocynin; AS, antisense; UGT1A1, UDP-glucuronosyltransferase 1A1. * P < 0.05 as compared with angiotensin II (Ang II). food, or drinking water. 20, 22, 23 Second, the results from the vascular measurement of NADPH oxidase activity which demonstrated equal blockade obtained with each compound. Both MHyB and apocynin treatment were equally effective in decreasing Ang II-mediated superoxide production, and no further decrease in Ang II-mediated superoxide production was observed in MHyB mice pretreated with apocynin. Although NADPH oxidase is the major source of superoxide anion in Ang II-treated mice, it is possible that other forms of reactive oxygen species may play a critical role in the development of hypertension in this model. Potential sources of reactive oxygen species generation include xanthine oxidase, cyclooxygenase, lipoxygenase, mitochondrial electron transport enzymes, hydrogen peroxide generation, and uncoupled nitric oxide synthase. It is possible that MHyB can act to attenuate reactive oxygen species generation from these other sources to result in further decreases in blood pressure. For example, heme oxygenase 1 induction, which results in increased production of bilirubin, has been reported to increase endothelial nitric oxide synthase (eNOS) levels and decrease the levels of inducible nitric oxide synthase (iNOS) in the vasculature. 24, 25 Studies in both bilirubin-infused rats and cultured murine heart endothelial immortalized cells have also demonstrated that increases in unconjugated bilirubin alone can result in decreases in the levels of iNOS. 10, 26 iNOS can generate superoxide anion on its own, and in the setting of increase NADPH oxidase activity, the nitric oxide generated by iNOS can result in the formation of peroxynitrite, which is a potent reactive oxygen species. 27 Heme oxygenase 1 induction has also been demonstrated to increase the levels of important antioxidant proteins, superoxide dismutase, and catalase in the vasculature and the kidney. 17, 28 However, the specific role of bilirubin generation in this response is not known. The results of this study demonstrate that blockade of superoxide production only accounts for a portion of the antihypertensive actions of MHyB. This raises the question of by what other mechanisms does MHyB lower blood pressure. We have previously demonstrated that MHyB was associated with a significant increase in the bioavailability of nitric oxide in Ang II hypertensive mice. 5 This increase in nitric oxide levels could result in alterations in vascular resistance and contribute to the antihypertensive actions of MHyB. It is also possible the increases in plasma bilirubin may have effects to alter vascular resistance independent of nitric oxide. For example, bilirubin may alter ion channels in the vasculature to promote vasorelaxation by inhibition of calcium entry or stimulation of potassium channels. These possibilities need to be more carefully examined in future studies.
It is interesting to note that both NADPH blockade with apocynin and MHyB resulted in an increase in GFR in Ang II-infused mice. This effect was similar to the effect of these treatments on vascular superoxide production. The combination of these treatments did not result in further improvements of GFR over improvements observed by treatment with either agent alone. This suggests that decrease in GFR in Ang II-infused mice may be mediated by increased renal vascular superoxide production and not through other reactive oxygen species generating pathways. Although NADPH blockade and MHyB both resulted in similar effects on GFR, MHyB resulted in a greater decrease in blood pressure. Although the exact mechanism responsible for this difference was not determined in this study, these results suggest that MHyB may have additional effects to increase renal tubular sodium excretion compared with blockade of NADPH oxidase alone. This would result in a greater natriuresis and a further leftward shift of the pressure-natriuresis curve in MHyB mice, resulting in a greater drop in blood pressure. Induction of heme oxygenase 1 and subsequent increases in bilirubin generation have been associated with decreases in sodium reabsorption, whereas blockade of heme oxygenase 1 and decreases in bilirubin generation have been associated with increased sodium reabsorption and a rightward shift in the pressure-natriuresis response. 29, 30 Studies in cultured mouse thick ascending loop of Henle cells have also demonstrated that blockade of bilirubin formation is associated with increased Ang II-mediated sodium reabsorption. 31 Whether moderate increases in plasma bilirubin can have similar effects as direct changes in renal bilirubin generation is not known and needs to be specifically addressed in future studies.
Similar to the observed changes in GFR in this study, both NADPH blockade with apocynin and MHyB were able to attenuate Ang II-induced cardiac hypertrophy in this study. Previous studies have demonstrated a critical role for Ang II-mediated superoxide production in the development of cardiac hypertrophy. 32, 33 Although blockade of NADPH oxidase with apocynin treatment did not result in as great a decrease in blood pressure as MHyB, it was equally as effective in attenuating Ang II-induced cardiac hypertrophy. Combination of NADPH oxidase inhibition and MHyB had a slight but not statistically significant effect to further decrease cardiac hypertrophy.
In summary, our results demonstrate that blockade of superoxide production by moderate increases in plasma bilirubin only accounts for a portion of the antihypertensive effects observed in Ang II-dependent hypertension. It is possible that other antioxidant properties of bilirubin account for the remainder of the blood pressure lowering effects in Ang II hypertension. Although moderate hyperbilirubinemia improves renal hemodynamics, it may also have effects on renal tubule cells to decrease sodium reabsorption. Whether these effects are also mediated by an antioxidant mechanism or a novel mechanism that blunts renal sodium reabsorption is not known at this time. These results add further support for the potential of hepatic targeting of UGT1A1 to increase unconjugated bilirubin levels as a potential antihypertensive therapy.
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